Frontal sinus fractures account for 5-15% of maxillofacial injuries. [1] [2] [3] [4] Being a midline, aerated space in the upper third of the facial skeleton, the frontal sinus is thought to act as a "crumple zone," protecting the inner cranial vault. [5] [6] [7] The force required to fracture the dome shaped anterior table is substantial ranging from 800-2200 pounds. 8 As the force of impact to the frontal sinus increases, fractures may extend beyond the anterior table to involve adjacent skull, posterior table and frontal sinus outflow tract (FSOT) . Fractures at these subsites should be evaluated independently to assess the need for and type of operative intervention. Typically, fractures of the anterior table are repaired to correct a cosmetic deformity, while fractures of the posterior table are repaired to prevent intracranial complications including cerebrospinal fluid leak, meningitis, mucocele or brain abscess. Finally, operative intervention for FSOT injuries aims at preventing delayed complications of frontal sinusitis, mucocele, or mucopyocele. After assessing these injuries, a surgical approach and strategy can be formulated. There is a current trend toward conservative and endoscopic management of all aspects of frontal sinus fractures.
Anatomy
Development of the paranasal sinuses, including the frontal sinus, begins at the 4 th week of gestation and continues into young adulthood. During the 9 th and 10 th week, medial extensions of the nasal cavity, the ethmoturbinals, form important surgical landmarks as well as the frontal sinus outflow tract. Primary pneumatization of the frontal sinus is a slow process, occurring through the first year of life as a blind pocket. Secondary pneumatization starts around age two and continues through adolescence. The frontal sinus is identifiable on CT imaging around age 3. Significant pneumatization does not begin until early adolescence, and finishes around age 18. 9 The right and left frontal sinus develop independently, separated by an intersinus septum.
1-8% of the population. 11, 12 Race, craniofacial anomalies, geography, climate, and hormones have all been implicated in affecting frontal sinus development.
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The frontal sinus outflow tract (FSOT) is an hourglass shape, made up of the infundibulum superiorly, the frontal recess inferiorly, and separated by the ostium or narrowest portion (3-4 mm). There are a variety of pneumatization patterns of ethmoidal cells that are adjacent to the FSOT. 13 The FSOT is found in the posterior, inferior, and medial portion of the frontal sinus. (►Fig. 1)
The anterior table of the frontal sinus is thick (2-12 mm) and forms part of the brow, glabela, and forehead. Skin, subcutaneous tissue, the frontalis muscle (corrugator), and vascularized pericranium overlie the anterior table. The posterior table is thin (0.1-4 mm) and penetrated by microscopic vessels via the foramina of Breschet. The thinness and foramina risk infection transmission and erosion from inflammatory conditions such as mucopyoceles. The posterior table forms a portion of the anteroinferior border of the anterior cranial fossa and cribriform plate. It has a superior, vertical portion along with a smaller, inferior horizontal portion. The posterior table is separated from the frontal lobes only by dura. The floor comprises the medial portion of the orbital roof and can be confused with supraorbital ethmoid cells when these are highly pneumatized. The height of the frontal sinus averages 28-30 mm, with a width and depth of 20 mm, forming a space of 5-7 mL.
14 The superior sagittal sinus typically travels along posterior to the intersinus septum and anterior to the crista gali, which are continuous with the perpendicular plate of the ethmoid inferiorly. The vascular supply includes terminal branches of the sphenopalatine artery ascending superiorly as well as the terminal branches of the ophthalmic artery including the supraorbital, supratrochlear, and anterior ethmoid arteries. Venous drainage occurs via valveless diploic veins with intracranial communication. Branches of the trigeminal nerve provide sensory innervation.
Evaluation
As in all patients presenting with trauma, a systematic assessment should be performed with initial focus on airway To correct an anterior deformity, there are a variety of approaches to the anterior table of the frontal sinus. Selection of the appropriate technique depends on the degree of fracture displacement and comminution, cosmetic concerns, and surgeon experience.
The coronal flap offers the widest exposure and may be advantageous in large and comminuted fractures of the anterior table (►Fig. 3). Removed fragments may be mapped using a sterile white paper or glove cover to ensure they are fixated in their original position. 20 Mucosa should be stripped as necessary, to prevent entrapment and subsequent mucocele formation. While still the gold standard, this wide approach carries the associated morbidity of scarring, alopecia, headaches, and paresthesia. Consequently, there has been a development of less invasive open approaches. Lee et al. described a subbrow approach with endoscopic assistance. Once exposed, the periosteum is removed from the fragments for fixation with absorbable plates. 21 This area may also be approached endoscopically via scalp incisions, similar to a brow lift with subperiosteal dissection. 22 Once the fracture is exposed, a porous polyethylene implant is trimmed to size and secured with screws transcutaneously.
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If left intact, the periosteum and mucosa surrounding fractured anterior segments offers expanded techniques as they might provide adequate temporary fixation. Spinelli et al. performed closed reduction with a percutaneous screw in 15 patients. However, the authors felt this technique would not be adequate for complex fractures, as they converted to open techniques in three patients due to unstable reduction. In a similar fashion, percutaneous screw placement can also be performed with endoscopic assistance. By dissecting endoscopically in the subgaleal plane, the periosteum is preserved and both screw placement along with reduction of the fractured fragment can be visualized.
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Anterior table fractures may also be reduced from within the frontal sinus with endoscopic assistance particularly if comminution is minimal. The dome shape of the anterior wall sometimes allows for a depressed fracture to be stably "popped up" similar to a closed nasal reduction. Visualization of the frontal sinus at the time of repair also allows for assessment of the posterior wall and FSOT. The frontal sinus may be accessed via a marginal eyebrow incision and trephination, allowing for reduction of the fragments with a periosteal elevator. 25 Once elevated, an external splint is an option to maintain the contour to of the anterior table (►Fig. 4).
Recently, endoscopic techniques have been successful without the need for external incisions. After obtaining adequate exposure with a Draf IIb or III (►Table 1), the anterior segment can be manually reduced with angled instruments and supported with packing and temporary stents.
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Depending on patient preferences and the degree of anterior table displacement, delayed intervention may be appropriate. A variety of soft tissue fillers including collagen, hyaluronic acid, poly-L-lactic acid, and fat injectables are an option to restore forehead contouring.
27,28
The choice of approach of incision to depends on not only the severity of the anterior table fracture, but also patient and surgeon preference. In general, mildly displaced fractures of large segments of the anterior table are best approached with less invasive techniques such as percutaneous screw reduction, trephination, or purely endoscopic approaches. However, with larger, more comminuted fractures, the coronal incision offers the best exposure and remains the gold standard. Yet, with multiple studies reporting the safety of observing anterior table fractures, along with favorable cosmetic outcomes after swelling has subsided, there is a trend toward managing these fractures conservatively.
29

Posterior Fractures
Fractures isolated to the posterior table are rarely observed (1-7%) 16, 30, 31 and are more common in younger patients.
Typically, the posterior table is fractured in conjunction with injuries to the anterior table and FSOT (►Fig. 5). The sinus septae may transmit some of the anterior force to the posterior wall, or there may be direct posterior wall disruption. Repair or removal of the posterior table is performed most commonly to prevent intracranial complications, including CSF leaks, meningitis, encephalitis, and brain abscess. Mucocele formation in posterior fractures is rare. In an animal study, Maturo et al examined goats six months after intentional comminuted fracture of the posterior table fracture. Gross and histologic examination suggested healing without mucosal ingrowth through the posterior table.
The indications for repair these fractures have focused mainly on the presence of persistent CSF rhinorrhea and the degree of fracture displacement or comminution on imaging. It is important to realize that the leak can come into the nose through the, fovea ethmoidalis or the cribriform plate rather than the posterior table as injury to these other areas is commonly associated with posterior table fractures. Most leaks present within 48 hours, but occasionally may be delayed and present weeks after the incident.
32
The management of CSF leaks in posterior table trauma, in addition to skull base trauma as a whole, is controversial. 33 Historically, skull base CSF leaks were managed aggressively due to high rates of lethal meningitis. 
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These studies are summarized in ►Table 2. From these small cohorts of patients, it is clear that posterior table CSF leaks are a rare event covered by few publications in the literature. Prospective, randomized trials would also be difficult, both ethically and from a power standpoint. Removal of frontal intersinus septum, frontal beak, and superior septum, from lamina papyracea to contralateral lamina
The degree of displacement of the posterior table on imaging has been used as an indication for repair, mostly as it relates to the presence of a CSF leak. Classically, Rohrich and Hollier described a displacement greater than the width of the posterior table as an indication for cranialization.
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This protocol is still utilized today. 41 Dalla Torre et al. found a high incidence of CSF leak with displacement of 5mm or more and therefore recommended operative intervention for these fractures.
42
Despite antibiotic prophylaxis and conservative management, the risk of infection with prolonged traumatic CSF leaks is high. 43 There are multiple ways to approach the posterior table, which include a coronal approach, trephination with endoscopic repair, and purely endoscopic techniques. Classically, these fractures were addressed via cranialization. 45 By removing all sinonasal mucosa along with the posterior table and bony overhangs, the dura and frontal lobes fill the dead space over the next weeks to months. With significantly comminuted fractures, large dural lacerations or defects are also usually present, which can be repaired with primary closure, dural grafts and/or a pericranial flap harvested at the time of fracture repair. In the modern era, the indications for cranialization are controversial, yet with significant intracranial injury necessitating a craniotomy, cranialization remains the gold standard.
Cranialization necessitates the use of a coronal flap. In addition to the complications associated with a coronal flap, cranialization carries the added early complications of sinusitis, meningitis, persistent CSF leak, and late complications including mucocele formation, CSF leaks, and osteomyelitis (►Fig. 6).
17, 39 The incidence of meningitis after cranialization appears to have decreased over time, with 50% in early literature, and presently near just 2% (►Table 3). 
Frontal Sinus Outflow Tract Injuries
Historically, an injury to the frontal sinus outflow tract was a primary consideration for intervention in frontal sinus trauma. As with evaluating the anterior and posterior table, Frontal Sinus Fractures Arnold, Tatum 89
This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. CT is the imaging modality of choice in diagnosing injuries to the FSOT. Indications of FSOT injury include gross obstruction, fracture of the frontal sinus floor, and fracture of the anterior table medial wall (►Fig. 5). 17 While only involvement of one of these structures constitutes an FSOT injury, with multiply affected areas, complications increase.
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Intervention in injuries to the FSOT aims to prevent the infectious complications due to obstruction, including sinusitis, osteomyelitis, and mucocele formation. Similarly to posterior table fractures, FSOT injuries were historically managed aggressively with exploration followed by cranialization or obliteration.
1,3,50 However, there has been increasing evidence for conservative management. 51, 52 In a prospective study of eight patients with frontal recess injury, a CT scan performed at least 6 weeks after injury showed spontaneous ventilation in seven (87.5%). 53 In the setting of trauma, the FSOT is usually approached through existing lacerations or fractures of the anterior table of the frontal sinus. Classically, an osteoplastic flap may be created by outlining the frontal sinus from a 6-foot Caldwell X-ray template, or alternatively a wire probe can be used to palpate the sinus borders through a trephine placed at the nasion. 60 These techniques are may not be suitable in the setting of trauma, however.. Obliteration is also possible through a brow incision and subsequent trephination for endoscopic visualization. 61 Once widely exposed, the frontal sinus mucosa along with any bony septations or irregularities are meticulously removed. Many authors recommend drilling to bleeding bone to ensure mucosal eradication as well as providing a vascularized bed for graft implantation.
22,55,62,63
There are numerous options available for graft material to plug the FSOT. The ideal grafting material is one that is minimally reactive, handles easily, and has a high rate of take with minimal donor site morbidity. Autologous bone is readily available and offers reliable surveillance on CT imaging. Other less dense materials, such as fat, could be mistaken for mucoceles on follow up imaging (►Fig. 8). Outcomes using bone grafts have been mixed. One study found comparable complications, 10%, in sixty patients who had their frontal sinuses obliterated with either calvarial bone dust or demineralized bone matrix.
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Alloplastic materials have no associated donor site morbidity but have added cost with a theoretical higher rate of infection and extrusion. Alloplastic options include hydroxyapatite cement, lyophilized cartilage, methyl methacrylate, and bioactive glass. 59, [64] [65] [66] Hydroxyapatite cement is probably the most commonly used alloplastic material with a wide variety of applications in craniofacial reconstruction. 67 It has also demonstrated complete osseointegration with minimal complications in eleven patients after frontal sinus obliteration.
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Furthermore, the cement may be contoured to create a new anterior table in cases of severe comminution, an advantage over other grafting materials. Ideally one can avoid obliteration all together due to the possibility of late complications, and if necessary, autologous bone is generally recommended over other autologous or alloplastic materials. Failed obliteration is becoming increasingly recognized. It is imperative to be familiar with the historical aspects of obliteration as well as the variety of materials used, as patients may present years after their initial surgery. Imaging, especially CT, is the first step in evaluating the graft material as well evidence of mucocele formation or osteomyelitis. Yet graft density and water content may change over time, and imaging may not clearly demonstrate these changes. Therefore, it is recommended that any patient with persistent symptoms after obliteration warrants operative exploration. 56 Failed obliterations may be reversed with open or endoscopic techniques, and rarely repeat obliteration is necessary.
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Transnasal endoscopic techniques have evolved to manage most FSOT pathology. Naturally, this has extended into FSOT trauma as well. Endoscopic techniques allow for preservation of the frontal sinus as well as superior post-treatment surveillance. Since FSOT injuries often involve anterior and posterior 29 Yet long-term outcomes in these patients with spontaneous ventilation on imaging are still unknown. Patients should be made aware that any new swelling or pain warrants immediate re-evaluation as the risk of mucocele formation may still happen years in the future. In repairing these defects, in addition to a wide frontal sinusotomy, supportive packing and temporary stenting is recommended.
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FSOT involving injuries are managed across multiple surgical specialties with backgrounds in oral and maxillofacial surgery, otolaryngology, and plastic surgery, each with unique training backgrounds. In a 2016 cross-sectional survey across these specialties, plastic and oral and maxillofacial surgeons were more likely to perform obliteration of anterior fractures requiring repair with a concomitant injury to the FSOT. 69 Those with a background in otolaryngology, on the other hand, favored ORIF. 69 Yet all specialties favored observation or FESS for FSOT injuries. 69 These changing management strategies appear to impact all specialties, demonstrating the familiarity required in both endoscopic and open techniques.
Conclusions
The treatment of frontal sinus fractures has changed dramatically over the past half-century. Through this time various algorithms have been proposed. Otherwise, in patients with injuries to the FSOT, appropriate counseling and close follow up with repeat CT imaging after 6 weeks to confirm sinus ventilation is appropriate.
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